ABSTRACT: Nanocrystal (NC) solids are commonly prepared from nonpolar organic NC suspensions. In many cases, the capping on the NC surface is preserved and forms a barrier between the NCs. More recently, superstructures with crystalline connections between the NCs, implying the removal of the capping, have been reported, too. Here, we present largescale uniform superstructures of attached PbSe NCs with a silicene-type honeycomb geometry, resulting from solvent evaporation under nearly reversible conditions. We also prepared multilayered silicene honeycomb structures by using larger amounts of PbSe NCs. We show that the twodimensional silicene superstructures can be seen as a crystallographic slice from a 3-D simple cubic structure. We describe the disorder in the silicene lattices in terms of the nanocrystals position and their atomic alignment. The silicene honeycomb sheets are large enough to be used in transistors and optoelectronic devices.
T hin solid films of semiconductor nanocrystals hold promise for several optoelectronic applications, such as LEDs, 1, 2 photodetectors, 3 and solar cells. 4−6 Commonly, nonpolar suspensions are used in which the nanocrystals are sterically stabilized by long organic capping molecules, and this capping is preserved in the NC solids. The resulting poor electronic coupling between the nanocrystals has been a major concern in the past years. Considerable progress has been made by smart surface chemistry, either on the level of the dispersed NCs 7, 8 or as a post-treatment on the nanocrystals present in the solid. 9−11 In recent years, much effort has been put in the formation of nanocrystal solids in which the nanocrystals are epitaxially connected via specific facets. 12−16 Since this attachment is crystallographic in nature, atomically coherent structures are fabricated with one (rods), 12, 17, 18 two (sheets), 12, 13, 16, 19 or possibly three extended dimensions. 20 Once the process of epitaxial attachment is under control, it might form a bottomup pathway for semiconductor structures, such as wires and quantum wells, complementary to the established but precious gas-phase methods. Moreover, it was shown recently that oriented attachment may result in two-dimensional structures with a superimposed square or honeycomb geometry. 12 This is due to the specific truncated cubic shape of the PbSe nanocrystals and the precise attachment via (100) facets only. 16 It has been theoretically predicted that the in-plane nanogeometry should strongly influence the semiconductor band structure. 21−24 The honeycomb structure for instance, with its similarity to graphene and silicene, results in Diractype valence and conduction bands with massless holes and electrons. 23 To bring this scientific field forward and push it toward technological innovations, the chemical methodology of self-assembly and oriented attachment should be improved considerably for enhanced reproducibility, larger scale crystallographic domains, and full control of the nanogeometry.
Here, we show how to prepare silicene-type honeycomb structures from PbSe nanocrystals with lateral dimensions in the 10−100 μm range in a reproducible manner. The process of NC self-assembly was changed such that it could occur under nearly reversible conditions. Solvent evaporation occurred under a gas atmosphere that was nearly saturated with the solvent, such that the entire process time slowed down to 16 h. These nearly reversible conditions for the 2-D nanocrystal phases that precede the oriented NC attachment resulted in reproducible formation of large-scale 2-D silicene honeycomb domains. Moreover, by casting more PbSe nanocrystal building blocks on the liquid substrate, we can extend the silicene structures in the third (vertical) dimension. We performed high angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) tomography experiments and acquired selected area electron diffraction (SAED) patterns along different tilt angles revealing the interrelation between all PbSe NC structures observed so far: The two-dimensional silicene superstructure with three connections per NC and the planar square structures with four connections per NC can be considered as crystallographic slices taken from the 3-D simple cubic superlattice. Finally, we studied the disorder on the level of the nanocrystal positions in the silicene lattice and on the level of atomic plane misalignment due to imperfect epitaxy.
■ METHODOLOGY
There are two main methods to induce oriented attachment between Pb-chalcogenide NCs. The first method uses amines to L-type displace the Z-type Pb(oleate) 2 ligand and thereby induce attachment between (100) facets of the NCs. 13, 14, 20, 25 In the second method, a Pb-chalcogenide NC suspension in a nonpolar solvent is casted on ethylene glycol [EG] , functioning as a liquid substrate. Solvent evaporation results in the formation of 2-D sheets that consist of domains with crystals attached in a linear fashion, a square geometry, and a honeycomb geometry. 12 Our group has used the second method and has put the reaction system directly under a nitrogen atmosphere in a glovebox, resulting in relatively fast solvent evaporation and formation of a solid superstructure (typical process times were 20−40 min). We obtained sheets of a NC monolayer thickness in which the NCs were epitaxially attached; the sheets showed domains with a square and/or honeycomb geometry. The method of fast evaporation has, however, not been optimized and lacks the reproducibility required for technological innovation: The relative amounts of square and honeycomb structures varied considerably with the experiment, and the size of the superstructure domains was rather small (<1 μm) and also varied from experiment to experiment.
Here, we show how we optimized the synthesis of honeycomb superstructures by choosing for very slow process conditions, i.e., very slow evaporation of the toluene solvent from the nanocrystal dispersion (see Figure 1) , which is under a gas atmosphere nearly saturated with toluene. A Petri dish is fully filled with EG, creating a flat liquid surface. This Petri dish is then placed in a second larger Petri dish filled with 2 mL of toluene. A PbSe NC dispersion in toluene with a known concentration and size determined by FT-IR (5−6.3 nm in size) is drop-casted on top of the EG liquid substrate, and both Petri dishes are covered with a beaker. This entire handling is performed in a glovebox with <0.1 ppm oxygen. Because of the presence of a toluene liquid phase in this setup, the gas atmosphere above the NC dispersion has a constant and large toluene partial pressure; this slows down the process of solvent evaporation enormously. We collected the NC sheets typically after 16 h of process time.
■ TWO-DIMENSIONAL SILICENE SHEETS AS THE DOMINANT PHASE Figure 2 shows a typical picture of the samples obtained with the method explained above when the amount of NCs dropcasted was chosen to form a monolayer system. The optical microscope image shows large dark blue colored domains surrounded by a paler background. The dark-blue domains have dimensions in the 10−100 μm range and boundaries with a nearly minimized contact line (see Figure S1 for more examples). Here, solvent evaporation must be slower than the diffusion of NCs in a lateral plane, and nanocrystals can find Figure 1 . Schematic representation of the experimental setup and methodology. In the first step a 6.5 mL Petri dish is filled with ethylene glycol serving as a liquid substrate. This dish is then placed in a larger Petri dish containing 2 mL of toluene. A PbSe NC suspension with a controlled amount of NCs is drop-casted on the EG substrate, and a beaker is placed on top to slow down the evaporation. Solvent evaporation and superlattice formation take 16 h. The NC sheet that is formed on the liquid substrate is transferred onto a desire substrate or TEM grid. The entire handling is performed in a glovebox with less than 0.1 ppm oxygen. 
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Article positions of minimal energy. 26−28 It is reasonable to assume that all processes that precede oriented attachment, i.e., the formation of 2-D NC structures with a specific geometry and nanocrystal orientation induced by desorption of the capping ligands from the (100) facets, have time to occur under natural reaction conditions, i.e., without transport limitations. We remark that faster solvent evaporation results in irregular drying patterns, coffee stains, 29−34 or even fractal structures. 28, 35 For convenience, we have repeated the experiments under fast solvent evaporation and observed coffee stain structures and fractal domains consisting of linear, square, and honeycomb superstructures ( Figures S2 and S3) .
By a more detailed inspection of the transmission electron microscopy (TEM) images in Figure 2 it becomes clear that the darker structures have a honeycomb geometry, while the lighter regions consist of a monolayer film of PbSe NCs attached in linear and square structures. The darker blue regions in the optical images must correspond to the darker regions on the TEM images and indicate a higher NC density. The proportion of darker area varies between 30 and 70%, when examined for repetitions of the same experiment, and sometimes such variations were even present on the examined regions of a single TEM grid. We remark here that the dark blue regions can contain several honeycomb domains. The Fourier transforms of Figure S7 show that they can extend over several micrometers. The grain boundaries between the domains are discussed below. The black spots present in Figure 2b are analyzed with EDX and appear to be selenium rich ( Figure S4 ). Electron diffraction shows that in the honeycomb domains all the nanocrystals are aligned with the ⟨111⟩ direction perpendicular to the plane and that the (100) planes are also aligned. The observation of attached NCs in the linear structures (right side of Figure 2c ) and aligned NC via SAED indicates that the PbSe NCs in these honeycomb structures are epitaxially connected. Since the TEM images in Figure 2 only correspond to 2D projections, electron tomography was applied to obtain conclusive evidence in 3D (see Figure 3d) . 36 Similar honeycomb structures have been previously reported and identified to have a buckled silicenelike geometry, 2 NC monolayers (2 ML) in thickness. 16 We can conclude that slow solvent evaporation results in a substantial improvement with respect to the previous fast procedure, both regarding the reproducibility and specificity of the final product (i.e., the desired honeycomb lattice) and the lateral dimensions of the domains, now in the 100 μm range instead of 0.1−5 μm.
■ MULTILAYER SILICENE STRUCTURES
When we increased the amount of NCs casted on the EG, solid films thicker than 1−2 NC ML should necessarily be formed. The question is then if the nanocrystals are also epitaxially connected, and what type of NC solids form? A typical result is presented and analyzed in Figure 3 . Figure 3a shows a multilayer structure with a sequence of terraces, very similar to what can be found on the surface of atomic solids. The multilayer domains can be tens of micrometers in the lateral dimensions and up to 10 layers in the vertical dimension. Such domains are surrounded by sheets of buckled silicene-like structures. SAED acquired from each of the terraces shows that the NCs are similarly oriented, indicating that the entire superstructure with all its terraces is in fact a single crystal with buckled silicene geometry. This is corroborated by the HAADF-STEM image of Figure 3c which shows the step between a visible silicene honeycomb (the 2 ML layer structure) and a 3 ML structure. By changing the angle of the sample with respect to the electron beam, it is shown that the nanocrystals are connected via epitaxial necks, in the 2 ML structure and in the 3 ML superstructure as well. This is also shown for the region between the 3 and 4 ML in Figure S5 . Electron tomography series were acquired of this specific region, and a 3D visualization of the manually segmented reconstruction is presented in Figure 3e . From the reconstruction, the number of layers can be determined as well as their 3D stacking along the axis perpendicular to the substrate. Moreover, a grain boundary was observed between a domain with three layers and one with four layers of NCs. Furthermore, each of the bottom NCs (purple) is surrounded in a trigonal way by three NCs of the second layer. Similarly, the NCs of the second layer (green) are surrounded by three NCs of the third layer (blue), meaning that an ABC order is present in the vertical direction. In the other grain, NCs of the fourth layer are above those of the first layer, i.e., an ABCA order. This is in complete agreement with a multilayered superstructure with silicene-type geometry. The idealized schemes in Figure 3f show the structures consisting of three and four layers of NCs. The same analysis is also performed for the transition region between two domains with four and five layers of NCs, shown in Figure S6 . For the structure that consists of five layers of NCs we observe an overall ABCAB stacking. This reveals that our multilayered silicene structures are, in fact, a part of a simple cubic NC superstructure. This also means that the buckled 2 ML silicene honeycomb structure can be considered as a crystallographic slice taken from a simple cubic structure. 37 In the 2 ML silicene structure, the NCs have three neighbors connected via NC(100)/ (100)NC epitaxy, with bonding angles of 90°. We would like to remark here that atomic crystals with simple cubic structure are extremely rare limited to special elements, such as polonium. While the atomic volume fraction of such a Po crystal is low (52%), it is even lower in the NC superstructure (∼32%) due to the necks between the NCs. 16, 38 ■ DEFECTS IN THE HONEYCOMB STRUCTURE, CONSIDERING THE NANOCRYSTALS AS ATOMIC SITES Although the superstructures appear regular and periodic over a very large number of unit cells as shown by Fourier transform analysis ( Figure S7 ), several types of disorder can be observed. Here, we first make abstraction of the atomic structure of the nanocrystals; i.e., we consider the nanocrystals as "artificial atom sites" of a silicene structure. The most obvious "artificial atom" defects that we observe are presented in Figure 4 . Figure   4a shows a missing NC in the silicene structure, i.e., a vacancy. Figure 4b shows a ring with seven NCs (instead of the regular six) probably due to incorporation of an extra NC in the silicene structure. We should remark here that similar point defects have been observed in graphene 39 and NC assemblies. 40 Figure 4c shows a remarkable one-dimensional line defect that connect silicene lattices with the same crystallographic orientation, which are however shifted with respect to each other. Another example of this defect is shown in Figure S8 , where a part of the honeycomb lattice is shifted causing a similar line defect. The fact that the bonding configuration is possible with only NC (100)/(100)NC epitaxy, though with strain, is also proved with a ball-andstick chemistry model ( Figure S9 ). Also, more classic grain boundaries can be observed that connect silicene domains with a different orientation as presented in Figure 4d .
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■ MORE COMPLEX DEFECTS
Besides the zero-and one-dimensional defects presented above, also more complex defects appear in the honeycomb structure with the double square and zigzag structures 41 as prominent examples (Figure S10a,b) . Those structures often form a boundary between two silicene domains but can also be present within one honeycomb grain. In the latter case, we could spot regions in which the honeycomb structure deviates from the hexagonal symmetry. The compressed regions with deviating geometry might be explained by NC monolayer movements along a specific direction (see Figures S8 and S10c−f) prior to oriented attachment; 42−45 a tentative model example is presented in Figure S11 . The reason for those relatively collective NC motions could lie in local fluctuations in the solvent evaporation and suspension/air surface tension, agglomerations of capping ligands or impurities, or be the effect of sudden motions of the sample (a few tens of nanometers amplitude could be sufficient).
■ DISORDER DUE TO NANOCRYSTAL MISALIGNMENT IN THE SILICENE LATTICE
We now consider each of the nanocrystal sites as an ordered array of atoms. Perfect crystallographic epitaxy should lead to an exact orientation of the nanocrystals with the [111] axis perpendicular to the plane and also completely aligned in plane. There are, however, many occasions whereby NC/NC attachment was not perfect, leading to local deviations in the alignment of the atomic lattices. 46, 47 This can be seen from high-resolution images (Figure 5a ) and can also be deduced by the contrast difference between the attached NCs within the honeycomb lattice (Figure 2c,d) . To study this type of disorder, we acquired selected area electron diffraction (SAED) patterns along different tilt angles. By measuring the width of the diffraction peaks, we obtained the average angular disorder in the orientation of the NC with respect to each other. An example is shown in Figure 5b , where on the left a typical SAED image of a honeycomb superstructure is shown, with six diffraction spots on the 220 ring. Azimuthal traces are made of these six spots and plotted in Figure 5c in blue. These are subsequently fitted with Gaussians in red and the width of the peaks is used as a measure of the angular disorder of the NCs. This width gives the angular variation of the rotation of the ⟨111⟩ NC axis with respect to the direction perpendicular to the plane. The full width at half-maximum of the plotted Gaussians is 3.1°. This means that 95% of the angles are within a 12.5°(σ = 0.4) deviation from the ideal ⟨110⟩ direction ((111) facet pointing upward). To test the reliability of the analysis, we measured the peak widths for a monocrystalline molybdenum crystal: 1.55°for a 95% interval (σ = 0.44°), averaged over three different locations ( Figure S12 ). This width probably originates from a combination of instrument limitations and slight deviations from a perfect crystallographic orientation. The broadening is much smaller compared to that of the honeycomb superlattice, which indicates that broadening of the SAED peaks is a trustful representation of the averaged orientation disorder of the NCs in the superlattice.
Chemistry of Materials
The analysis of the angle distribution was also performed for a 45°tilted sample orientation (see Figure S13 ) and is presented in Figure 5d −f. In this way, the deviation of the ⟨100⟩ axis from that in the ideal silicene structure can be obtained, yielding an angular variation of 15.3°(σ = 0.73). This result is in line with theoretical and experimental studies showing that the alignment of crystals is energetically favorable within a 15°angle. 48, 49 Notice that the ⟨100⟩ directions constitute the directions of NC(100)/(100)NC epitaxy and are all slightly out of plane. 16 The values of the angular distribution along the ⟨100⟩ direction are larger compared to those around the ideal ⟨111⟩ direction. This is expected since the attachment process is the source of the disorder. The distribution in the ⟨111⟩ direction results from positive and negative errors in the misalignment along the ⟨100⟩ directions, yielding a lower value.
We performed the same measurements for the vertical extended (3, 4, ... NC ML) silicene lattices. The angular variation around the ⟨110⟩ direction is 8.8°(σ = 0.14) and 12.6°(σ = 0.6) along the ⟨100⟩ direction. Multilayer silicene superlattices thus show smaller deviations in the NC orientation, compared to the 2 ML silicene lattice. Such a decrease of the disorder with increasing number of attached layers of NCs was also observed for square lattices and cubic lattices. 50 
■ SUMMARY
We have shown that extremely slow solvent evaporation results in improved reproducibility and specificity regarding the formation of silicene honeycomb superlattices from PbSe NC suspensions. It is also possible to prepare multilayered silicene lattices. Using HAADF-STEM tomography, we show that the bilayer and multilayered silicene structures of attached PbSe nanocrystals form slices of the simple cubic superstructure. Our superstructures show a long-range honeycomb periodicity, but with several types of site defects. In principle, the superstructure domains should also be atomically coherent, but we show that atomic coherency is broken by misorientations due to nonideal epitaxial connections between the nanocrystals. ■ METHODS Chemicals Used. Lead acetate trihydrate ( ≥99.99%, trace metals basis), 1-octadecene (technical grade, 90%), oleic acid (technical grade, 90%), selenium powder (100 mesh, 99.99% trace metals basis), diphenylphosphine (98%), trioctylphosphine (technical grade, 90%), tetrachloroethylene (anhydrous, ≥99%), toluene anhydrous (99.8%), methanol anhydrous (99.8%), and butanol anhydrous (99.8%) were all purchased from Sigma-Aldrich.
Nanocrystal Synthesis. PbSe NC was synthesized via a method established earlier. 1 In brief, 4.77 g of Pb(C 2 H 3 O 2 ) 2 ·3H 2 O, 10.35 g of oleic acid, and 39.75 g of octadecene (ODE) were mixed and heated (120°C) under vacuum for 5 h to remove water and acetate. The selenium precursor was made by dissolving 3.52 g of Se powder in 0.41 g of diphenylphosphine and 46.59 g of trioctylphosphine. The selenium precursor was inject into a heated solution of the lead precursor (180°C) under vigorous stirring. After 70 s, the reaction was quenched via injection of 30 mL of methanol/butanol mixture (1:2). The dispersion was centrifuged and subsequently dissolved in toluene. A concentrated solution of PbSe nanocrystals (approximately 1.2 × 10 −4 M) was washed with methanol in a volume ratio of 1:2. The resulting brownish solution was centrifuged until a clear white solution was visible with a black precipitation. The clear solution was decanted, and the black precipitation was dissolved in toluene. The washing procedure was repeated twice more.
Superlattice Synthesis. The honeycomb superlattice was synthesized as described in the main text. A Petri dish was completely filled with 6.5 mL of EG, creating a flat surface. This Petri dish was placed in another bigger petridish containing 2 mL of toluene. Subsequently, 350 μL of a diluted NCs solution (7.7 × 10 −8 M) in toluene was drop-casted on top of 6.5 mL of EG, and both Petri dishes were covered with a bigger beaker (400 mL). The honeycomb structure was formed on top of the EG in 16 h and could be transferred to any substrate. It is important that no high boiling point organics are 
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Article present in the NC dispersion, since that will disturb the synthesis. The whole experiment is performed in a glovebox containing <0.1 ppm of O 2 and free of amines or other volatile gases. The synthesis was successful for NCs with sizes in between 5 and 6.3 nm.
Synthesis of the Multilayered Silicene Lattices. A Petri dish was completely filled with 6.5 mL of EG, creating a flat surface. This Petri dish was placed in another bigger Petri dish containing 6 mL of toluene. Subsequently, 700 μL of a diluted NCs solution (1.6 × 10 −7 M) in toluene was drop-casted on top of 6.5 mL of EG, and both Petri dishes were covered with a bigger beaker (400 mL). The honeycomb structure was formed on top of the EG in 64 h and could be transferred to any substrate. The other conditions are similar as in the honeycomb case described above.
FT-IR measurements were performed in a Bruker Vertex 70. A special airtight liquid cell (International Crystal Laboratories) was used with a path length of 0.5 mm and two KBr crystals at the back and front side to make it transparent for IR light. Spectra were recorded from 400 to 7500 cm −1 , with a KBr beam splitter, a DLaTGS D301 detector, and a mid-IR source. For all measurements, tetrachloroethylene (TCE) was used as solvent.
SAED measurements were performed at a Philips Tecnai operating at 200 kV. It is essential for the reproducibility of the tilting series that the SAED peaks are approximately similar in size (see example in the main text).
HAADF-STEM images and electron tomography series were acquired on an aberration corrected "cubed" FEI Titan electron microscope operated at 300 kV. Electron tomography series were acquired manually within a tilt range from −76°to +76°and an increment of 2°, using a Fischione model 2020 single-tilt tomography holder. The reconstruction was performed using the simultaneous iterative reconstruction technique (SIRT) implemented in the ASTRA toolbox. 51 The reconstructed series were segmented manually by using the AMIRA software.
■ ASSOCIATED CONTENT
* S Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.chemmater.8b02178.
Optical and TEM images of the ultrathin PbSe films, TEM images of the PbSe NC films formed by fast toluene evaporation, fractal patterns, EDX analysis of the black spots, multilayered silicene honeycomb structures, tomography between the 4th and 5th layer, Fourier transform of the honeycomb periodicity, various types of grain boundaries, ball and stick model, examples of complex defects, lattice compression that results in zigzag or square structures, ED of molybdenum, schematic representation of electron diffraction tomography (PDF)
